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The capability of bacteria to colonize food processing
surfaces and to form biofilm has become an emerging
concern for food industry. The presence and persistence
of biofilm on food processing surfaces may pose a risk of
food spoilage or food poisoning. A better understanding
of bacterial adhesion and resistance of biofilms is need-
ed to ensure quality and safety of food products. This
review focuses on microscopic approaches incorporated
to explore biofilm mode of existence in food processing
environments. An application of antimicrobial agents for
the biofilm control, in particular for bacteria connected
with food processing environments, is also highlighted.
In addition, some aspects of biofilm resistance, especially
the phenomenon of persister cells, are discussed.
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INTRODUCTION

Biofilm is a heterogeneous structure of microorgan-
isms surrounded by the layer of microbial-originated ex-
tracellular polymeric substances (EPS) adhered to biolog-
ical or abiotic surfaces (Kisk6 & Szab6-Szabd, 2011). A
biofilm is characterized by a unique architecture and spe-
cific features of adhered cells, which are physiologically
different from their planktonic counterparts (Kokare et
al., 2009; Simoes et al., 2010). Biofilms are very diverse
and unique, not just to the microorganisms, but to the
extracellular matrix, in which these microorganisms are
enmeshed (Giaouris e/ afl, 2012). Biofilm is referred to
as a survival mechanism of different microorganisms
formed in response to hostile conditions due to constant
changes in the environment (Aradjo et al, 2011). Food
processing surfaces and equipment may be favourable
environments for biofilm formation, particularly where
moisture and nutrients are available (Myszka & Czaczyk,
2011). Once a biofilm takes hold, getting rid of it is
hard, even if not impossible. Specific architecture of bio-
film created upon extracellular polymers production pro-
vides the environment not only for growth and attach-
ment of other bacteria. The function of the EPS matrix
is many-sided, including facilitating nutrient acquisition,
and enhances protection against environmental stresses
(Czaczyk & Myszka, 2007).

In an effort to acquire a better understanding how
bacteria behave in a biofilm and respond to environmen-
tal stresses, many protocols have been developed en-
abling the biofilm visualization on food processing sur-

faces (Trachoo, 2003). Biofilm can grow on processing
equipment surfaces such as plastic, glass, stainless steel
or rubber. Stainless steel is the most commonly used
material for construction of vessels, piping, valves, and
various types of equipment in food industry (Arnold &
Bailay, 2000). It is indicated that hydrophobic materi-
als are more resistant to bacterial attachment than the
hydrophilic surfaces with the high surface energy and
electrostatic charge such as metals (Myszka & Czaczyk,
2011). On the other hand, it was reported that substra-
tum hydrophobicity determines bacterial retention rather
than bacterial adhesion, while bacteria adhere to almost
any surface (Bos ez al., 2000). Upon challenging bacterial
adhesion and retention, cells interact differently to sur-
faces with different hydrophobicity (Myszka & Czaczyk,
2011). Hence, cell adhesion or retention depends on the
properties of the adhesion surface, type of bacterial cells,
hydrodynamic conditions and surrounding environmental
factors (Aradjo et al., 2011; Faille ef al., 2002; Fuster-Valls
et al., 2008).

In this background, attention should be focused on
better understanding of the interaction between differ-
ent abiotic surfaces and bacterial cells in order to reduce
the risk of bacterial contamination and biofilm forma-
tion. It is necessaty to understand mechanisms of action
of different antimicrobial agents with the potential for
combating biofilms. Moreover, the emergence of resis-
tant bacteria in biofilms clearly shows that new biofilm
control strategies are required. This emphasizes also the
crucial role of suitable experimental design in order to
determine viability and functionality of biofilm-grow-
ing cells. This review discusses diverse microscopic ap-
proaches that can be used for bacterial biofilm studies. It
is also focused on an application of antimicrobial agents
for the biofilm control as well as physiological and mor-
phological differences between biofilm cells and their
free-floating counterparts.
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BIOFILM FORMATION AND SIGNIFICANCE IN FOOD
INDUSTRY

Biofilm formation is a multiple-step process, involv-
ing following steps: reversible and irreversible cell at-
tachment, biofilm maturation with cell differentiation,
and cell detachment and spreading (Myszka & Czaczyk,
2011). Bacterial biofilm formation starts with the at-
tachment of planktonic cells to the solid surface. This
reversible process with time becomes irreversible when
the production of EPS proceeds and the permanent
bonding to the surface occurs (Stey ez al., 2013). The di-
rect contact with a solid material is dependent upon sur-
face appendages of bacteria including flagella, fimbriae,
pili (Van Houdt & Michiels, 2010). The process is time
dependent and initiated by interactions between pheno-
typic features of bacteria and attachment surface such
as van der Waals, electrostatic and steric forces (Myszka
& Czaczyk, 2011; Van Houdt & Michiels, 2010). When
bacteria have irreversibly adhered, the process of bio-
film maturation begins. Cells are growing and dividing
as well as producing extra amounts of extracellular poly-
mers, thereby forming so-called microcolonies (Myszka
& Czaczyk, 2011). The process is slow and depends on
environmental conditions and nutrients availability. With-
in microcolony biofilm cells accumulate quorum sens-
ing (QS) signals causing different genetic expression to
occur in those cells. QS systems appear to be involved
in all steps of biofilm formation, triggering changes in
the transcriptional program, considerably different from
planktonic bacteria (Bai & Rai, 2011). This phenomenon
leads to phenotypic variations among biofilm cells such
as metabolic gradation from fast growers to slow grow-
ers, decrease in motility of cells and changes in their res-
piration. What is more, biofilm cells become more resis-
tant to antibiotics and chemicals compared to planktonic
cells (Kisk6 & Szab6-Szabd, 2011; Lewis, 2005; Stewart,
2002). The bacteria in the biofilm upregulate genes in-
volved into adaptive stress response; the bacteria are en-
meshed within EPS matrix, acting like a shield partially
impermeable to chemicals; biofilm cells undergo pheno-
typic variations as a result of microgradient in concentra-
tion of substrates and products; a small fraction of cells
differentiate into highly protected persister cells — all of
these concepts may be considered as biofilm resistance
mechanisms (Stewart, 2002). Structurally, mature bio-
film is highly organized community of microorganisms
in which water channels are spread, and passages for
the exchange of nutrients, metabolites and waste prod-
ucts are present (Kokare e/ al, 2009; Sauer et al., 2007,
Shi & Zhu, 2009). Functionally, the biofilm populations
vary in physiological activity, according to metabolic pro-
cesses and cell division. Active cells, which express high
metabolic activity as well as cell division and dormant
cells, which have slow metabolic processes, and no cell
division exist within any bacterial population, but greater
abundance of dormant cells, is evidently shown in bio-
films. Dormant cells in the biofilm are therefore charac-
terized as in persistent state responsible for antimicrobi-
al tolerance of biofilms (Brigitte e al, 2012; Kim e al.,
2009; Shah ez al, 2006). Mature biofilm is a few milli-
meters thick and able to release the biofilm cells into
the surrounding area in order to spread to other niches
(Myszka & Czaczyk, 2011).

Bacterial biofilms are problematic for many food in-
dustry branches, including dairy processing, poultry and
red meat processing, brewing, fresh produce (Simoes
et al, 2010). Bacterial biofilm may pose a risk of food
contamination and transmission of foodborne pathogens

(Lindsay & von Holy, 2006; Shi & Zhu, 2009). A con-
sequence of biofilm existence may lead to food process
perturbations and technological problems difficult to
control (Aratjo ef al., 2011). Slime problems, decrease of
heat transfer in heat exchangers or condensers, corrosion
problems, hygienic concerns about the sanitation efficacy
are common biofilm-related issues (Kiské & Szab6-Sz-
abd, 2011). Bacterial biofilms are difficult to eliminate
from food processing environments, what makes biofilm
control a big challenge in industry (Simoes ez al, 2010).
Cleaning and disinfection (C&D) are extensively applied
to eradicate bacterial contamination from industrial sur-
faces. Effectiveness of C&D procedures are influenced
by many factors, e.g. presence of organic material, pH,
temperature, water hardness, chemical inhibitors, concen-
tration, contact time (Srey e/ a/, 2013). When it comes to
controlling biofilms, breaking-up or dissolving the EPS
matrix and penetration of disinfectants through the bio-
film should be considered (Kiské & Szab6-Szabo, 2011).
There are many types of disinfectants used for sanitation
in food industry including chlorine, chloramines, hydro-
gen peroxide, iodine, ozone, peracetic acid, quaternary
ammonium compounds (Kokare e/ al, 2009; Stey et al,
2013). They react with various components of bacteri-
al cells in order to exhibit the detrimental effect. Nev-
ertheless, optimizing an effective strategy against biofilm
is particularly difficult task, since agents exhibit different
antimicrobial effectiveness, depending on the cells state.
There is also considerable variability in susceptibilities to
a certain antimicrobial concentration (Kim e# a/, 2008).
Finally, the emergence of resistant cells within the bio-
film clearly shows the need of novel approach for bio-
film control. In order to select suitable antimicrobials
and adjust the dosing, it is crucial to examine and com-
pare the antimicrobials’ behavior on biofilms, primarily
carefully selected persister cells. The combination of sev-
eral antimicrobials may be a strategy to improve biofilm
control efficiency and this direction has to be compre-
hensively studied. In this background, attention should
be focused on better understanding of the interaction
between different antimicrobial agents and persisting
biofilm cells. The susceptibility of these elusive cells in
biofilms to antimicrobials, especially to non-antibiotic
agents is not well-understood and has yet to be resolved.

PERSISTERS

Harsh environmental challenges expose existence of
dormant cells with less susceptibility to stress factors.
These cells are called persisters and are not mutants,
neither in particular stage in the cell cycle (Lewis, 2001;
Shah ez al, 2006). They form a small part of bacterial
populations  (Leszczynska ez al, 2013). Persisters are
non-growing cells and known to have little metabol-
ic activity (Shah ez a/, 2000). They remain dormant but
are also able to re-grow after the challenge stops acting
(Leszczynska et al, 2013). They are classified as signifi-
cantly different from both exponentially growing and
stationary cells (Shah e @/, 2006). It has been shown
that biofilms contain persisters tolerant to antimicrobial
agents (Kim ez a/, 2009). The increase in tolerance con-
cerns antibiotic as well as non-antibiotic antimicrobial
agents, providing a broad spectrum defense. Neverthe-
less, scientists highlighted that the reduced susceptibility
to antimicrobial challenges of biofilms is related to poor
penetration of antimicrobial agents, phenotypic varia-
tions, multidrug efflux pumps, and presence of persisters
cells (Kim ez al., 2009; Stewart, 2002). The persister cells
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are reported as the major reason for antimicrobial tol-
erance of biofilms (Kim ez a/, 2009), and what is more,
their occurrence in biofilms is substantial (Brigitte ef al,
2012). It means that protective mechanisms in biofilms
are distinct from these that are responsible for conven-
tional antimicrobial resistance. Genes, that play an im-
portant role to this state, may include these regulating
the entry to this state as well as specific defensive re-
sponse.

Genes for high-level persistence (bip) have been de-
scribed in Escherichia coli (Lewis, 2001; Stewart, 2002).
Molecular-based data regarding E. e/ as a model
showed interesting findings about persisters. E.co/i per-
sisters exhibit overexpression of toxin-antitoxin (TA)
modules. Keren e al. (2004) observed the correlation
between overexpression of RelE or HipA toxins and
the increase in persistence. Thus “toxins” which inhibit
translation are considered as multidrug tolerance (MDT)
genes. The analysis of gene expression profile revealed
that persisters of FE. co/i appear surprisingly more sim-
ilar to exponential, than stationary phase cells. Never-
theless, comparing to stationary and exponential cells,
persisters differed significantly from both of them in up-
and down-regulation. The E. w/i gene profile showed
down-regulation of genes involved in e.g. energy pro-
duction, flagellar synthesis (Shah ef a/, 2006). Remark-
able dormancy-like genes pointed by researchers were
as follows: din], yoeB and yefM. YoeB and YefM exist as
toxins and antitoxins towards themselves and Din] is an
antitoxin towards RelE homology, YafQ). The most ex-
pressed gene was jg/U, which controls biofilm formation
and together with y¢/T creates TA module yg/UT, which
is stated as transcriptional repressor. As TA modules can
induce MDT and atre highly expressed in persisters, it is
suggested that the mechanism of tolerance is based on
non-lethal inhibition with the binding of antimicrobi-
als, which are prevented from killing the cell by specific
MDT proteins. The case that persisters can bind antimi-
crobials e.g. antibiotics, but are not destroyed by them, is
stated by Lewis (2010) as well, indicating reduced trans-
lation, cell wall synthesis and topoisomerase activity of
dormant cells. Lately, Kim e a/ (2011) established that
persisters show a defective pathway involved into forma-
tion of hydroxyl radicals, one of cell death mechanisms,
suggesting this phenomenon as responsible for antibiotic
tolerance. Other findings concerning genes unregulated
in persister cells are involved into SOS system (e.g. recA,
umuDC, uvrAB, sulA) and heat and cold shock response
(e.g. wpH, htrA, ibpAB, hipX, clpB) (Leszczynska et al,
2013). Moreover, it was suggested that persistence may
be connected with the occurrence of protein aggregation
and interaction upon stress, e.g. aggregates of misfolded
proteins (multicomponent protein aggregates) and com-
plexes of Dps (an example of starvation-induced pro-
tein) with DNA (Kwiatkowska ef @/, 2008; Leszczynska
et al., 2013).

Many molecular findings have been released by now
and more are expected to come about persistent state of
bacteria. The recalcitrance of persister cells is now un-
derstood to be crucial in order to resolve biofilm-relat-
ed problems, for food industry as well. Are disinfectant
persisters and antibiotic persisters the same subset of
cells? The antimicrobial tolerance need to be extensively
examined in the case of treatment with different single
and combined agents of all categories used in industry.
Moreover, it is essential to explore the level of func-
tionality of persisters’ physiological parameters as a re-
sult of growing in the biofilm state and the antimicrobial
action. These subjects are not sufficiently understood in

many contexts, however, all these information may help
to establish new strategies to prevent the formation of
petsisters and/or their elimination from food processing
environments.

BIOFILM STUDIES CONCERNING FOOD INDUSTRY

The recognition of spoilage or pathogenic bacteria
on food-contact surfaces as they build up and thereby
form biofilms is an important area of focus towards
their elimination from food processing environments.
Food safety may be enhanced when the industrial ma-
terials used during processing exhibit resistance to bacte-
rial attachment and biofilm formation. Arnold & Bailey
(2000) examined three differently finished stainless steel
surfaces (sandblasted, sanded, and electropolished) for
resistance to bacterial contamination from the poultry
processing environment. Scanning electron microsco-
py (SEM) was a useful tool in calculating adhered cell
counts as well as observing biofilm formation (microco-
lonies) on the surfaces. Whereas, atomic force micros-
copy (AFM) allowed examining the surface morphology,
including fractal dimensions, roughness. SEM and AFM
studies showed that the surface finishing treatments var-
ies in affinity for bacteria, but improves resistance of
stainless steel to bacterial attachment. The electropol-
ished surface was less susceptible to bacterial adhesion
comparing to other finishes. It was associated with the
least roughness of examined surface and concluded that
the smaller chemical reactivity of the surface, the weaker
interactions of bacteria with it. These findings may be
helpful for industry in selecting materials and finishes
that are most resistant to bacterial attachment and bio-
film formation. In most cases, the bacterial contaminants
originate on the production line or in raw materials and
exhibit resistance to environmental conditions. In this
background, attention has been focused on the spoilage
bacteria posing a risk of biofilm formation and resistance
to different stresses in food environments. With the use
of SEM Kubota e a/. (2008) investigated the formation
of biofilms by spoilage lactic acid bacteria and morpho-
logical changes caused by acetic acid and ethanol at sin-
gle cell level. Differences in cell adherence and accumu-
lation were observed, one formed soft- or rough-looking
biofilms, others cellophane-like films. Not only biofilm
surfaces were different, also the cells were altered. Com-
paring to planktonic cells of the same strain cell elon-
gation was observed within the biofilm. Improved stress
resistance was seen in biofilm cells, which in contrary to
planktonic cells displayed no damages in membranes in
the presence of 10% of acetic acid or 30% of ethanol.
Additionally, it was suggested that the outer cells of the
biofilms or detached cells can be damaged as a result of
stress exposure. This indicates the significance of study-
ing biofilms in the food industry, which can lead to the
development of suitable diagnostic tools for controlling
bacterial contaminants.

Krimmer ez al. (1999) tested 16S tRNA i situ hybrid-
ization for detection and differentiation of microorgan-
isms in biofilms. Researchers demonstrated the poten-
tial of 16S rRNA-based oligonucleotide 7z situ hybrid-
ization for detection of biofilm-forming staphylococci
and persisting bacteria of Szaphylococcus anrens referred to
as small-colony phenotypes. This approach is of great
importance when it comes to detection of microorgan-
isms which remain undetected by traditional methods.
Direct in sitn tools show that bacterial cells may remain
and colonize unfavorable niches e.g. hygienic materials
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like stainless steel from which no viable cells were re-
covered (Brigitte ef al, 2012). This emphasize the need
for reliable determination of viability, a challenging task
to study due to changes in physiological state of bac-
teria, entering dormancy state, including the viable but
non-culturable (VBNC) state. Biofilm-related dormant
cells are characterized by a number of molecular, struc-
tural and functional features (Zandri e al, 2012). E.g.
dormant and non-culturable population simultaneously
may be measured using cytological viability tests, such
as fluorescence assays (Miks-Krajnik ez 4/, 2013; Oli-
ver, 2005; Olszewska & F.aniewska-Trokenheim, 2013;
Trachoo, 2003). Different fluorescent dyes and probes
can target different structural and functional features
of cells such as membrane potential, membrane integti-
ty, enzyme activity, pump activity etc. useful for testing
changes in bacterial physiology (Joux & Lebaron, 2000).
Biofilm cells grown on different surfaces can be marked
with fluotescent probes/dyes and accurately evidenced
with imaging object fluorescence systems like epifluores-
cence microscopy (EFM) and confocal microscopy (CM)
(Kokare e al., 2009; Trachoo, 2003). To clarify, the EFM
is based on excitation of all part of the specimen at the
same time and detection of fluorescing parts together
with a wide-range unfocused background. In this respect,
CM techniques reflect some valuable benefits over EFM.
The suitable design of confocal microscopes allows for
optical sectioning, process by which three-dimensional
reconstructions of complex objects are possible to ob-
serve. Further developments of CM permitted for com-
bination of laser scanning and detection of both 3D and
fluorescence objects into a technique called confocal la-
ser scanning microscopy (CLSM). This high-resolution
optical method allows scanning biofilm structure and mi-
croenvironmental conditions, e.g. pH gradients (Vroom
et al., 1999). Microscopic tools which give the possibility
to determine cell viability, cell morphology, cell arrange-
ment and microcolony formation, are of great need for
biofilm examinations. Different microscopic approaches
and fluorescence assays were used so far in the variety
of biofilm studies, including antimicrobial tolerance relat-
ed to food industry (Table 1).

Fluorescence 7 sitn hybridization (FISH) concentrates
special interest of researchers in identification, visual-
ization and localization of microorganisms in different
fields of microbiology, including biodiversity and com-
plexity of biofilms. FISH is usually based on the use of
short RNA oligonucleotides with fluorescent molecule
attached to the 3’ or the 5-end complementary to the
ribosomal RNA sequence of cells. The probes target a
specific sequence of rRNA in the intact cells and with
the application of CLSM it is possible not only to identi-
fy microorganisms but also to explore their location in a
three-dimensional community. Besides, FISH and 16-23S
tRNA hybridization can be applied to observe decrease
in the viability of cells as the biofilm ages (Kokare ez al,
2009). FISH can be used extensively in biofilm studies
(Moter & Gobel, 2000), enabling investigators to map
complex microbial communities e.g. on hydrophobic and
hydrophilic surfaces (Araujo ez al, 2004), on pipes from
water supply networks (Juhna ez @/, 2007), and on food
processing surfaces (Bagge 7 al, 2001).

Other scientific data demontrate following poten-
tials of apllying fluorescent assays. The availability of
fluorescenct dyes such as TRITC-Con A (tetramethyl-
rhodamine isothiocyanate-labeled lectin Concanavalin A),
FITC (fluorescein isothiocyanate isomer I) and DAPI
(4,6-diamidino-2-phenylindoldihydrochloride) let Nosyk
et al. (2008) accurately visualize and compare the struc-

ture and composition of the EPS of biofilms by staining
following components: proteins, carbohydrates, DNA.
The EFM was successfully applied for composition of
different biofilm flocs such as nitrifying activated sludge
from a municipal wartewater treatment plant and pure
cultures of Pseudomonas putida ATCC 17514. Wirtanen ef
al. (2001) studied the effect of antimicrobial activities of
disinfectants on Pseudomonas aeruginosa and  Pseudomonas
Jfragi biofilm by the use of EFM. Commercially used in
food industry disinfectants were tested: alcohol-based,
tenside-based, peroxide-based and chlorine-based prod-
ucts. Conventional and microscopic methods were com-
pared by monitoring levels of enumerated cells after the
disinfectant exposure. EFM based on metabolic indicator
system CTC (5-cyano-2,3-ditolyl tetrazolium chloride)/
DAPI results showed the great extent of respiring cells
after alcohol-based challenge, contrary to cultivation
methods, which had indicated antimicrobial effectiveness
of this type of disinfectant. It suggests that for some
antimicrobial agents inhibition of the bacterial popula-
tion may occur without destroying the cells. The care-
ful attention to the choice of methods and combination
of different tools is then required to predict and evalu-
ate the efficacy of disinfectants against biofilm bacteria.
What is more, survival of a foodborne pathogen Cam-
pylobacter jejuni in biofilms was examined after treatment
with sanitizers including chlorine, quaternary ammonia,
petacetic acid (PAA), and a PAA/peroctanoic acid mix-
ture (PAA/POA) (Trachoo & Frank, 2002). The anti-
microbial effectiveness of sanitizers against C. jeguni in
the biofilm was weakened. C. jguni in the biofilm was
completely inactivated in presence of chlorine and sus-
ceptible to other sanitizers, but without entire inactiva-
tion. Further experiments of the viability of C. jguni in
biofilms with a cultural method and direct viable count
(DVC) revealed that the number of viable C. jguni de-
termined by DVC was greater than that determined by
the cultural method, indicating that C. jguni may form a
VBNC state within the biofilm. Both methods indicat-
ed that existence in the biofilm enhance the survival of
C. jguni (Trachoo et al, 2002). A similar approach with
the use of direct EFM and plate counts, were used to
monitor the effect of slow and rapid air-drying on En-
terobacter cloacae, Pseudomonas aeruginosa, Staphylococcus anreus
survival on stainless steel surfaces. Different abilities
to adhere and survive stress conditions were observed
among strains. What is worth underlining, bacteria on
the surface and exposed to adverse conditions were not
obtained by cultivation, but they still presented viability
and potential danger (Fuster-Valls ez al, 2008).

The examination of planktonic and biofilm cells to
antimicrobial agents such as widely used for controlling
biofilms chlorine, silver ions and tobramycin was con-
ducted by Kim a# al. (2008). Three methods of assess-
ment were used to compare the antimicrobial effects:
plate counts and CTC staining as well as BacLight®
Live/Dead staining along with CLSM and EFM. It has
been confirmed that biofilm cells are significantly more
tolerant to antimicrobials than planktonic cells. After an-
timicrobial treatments of biofilms, many cells retained
respiratory activity or membrane integrity, but lost the
culturability. Based on CTC staining, the respiratory ac-
tivity of biofilm cells was significantly decreased as a re-
sult of the antibiotic action, but the membrane activity
targeted by Live/Dead staining was sustained especially
when compared to the level of cells after chlorine- and
silver-treatment. Chorine and silver ions triggered dam-
ages in the cell membrane, while tobramycin most effec-
tively affected respiratory activity. The treatment with sil-
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Figure 1. The most essential aspects of the biofilm related studies.

ver and tobramycin in combination was the most effec-
tive for biofilm control. However, chlorine was less ef-
fective in combination with antibiotics, possibly because
of reaction between chlorine and antibiotics decreasing
available concentrations of antimicrobials.

Furthermore, bacterial cells can be fluorescently de-
tected without fluorescent staining through the plasmid
for green fluorescent protein (GFP) as a indicator of
bacterial protein synthesis. Many interesting study mod-
els can be developed with the use of GFP and available
fluorescence tools. E.g. Kim ez a/. (2009) used flow cy-
tometry (FC) to sort active and dormant cells of Psex-
domonas aernginosa biofilm, and then tested tolerance to
antimicrobial agents such as chlorine, hydrogen peroxide,
silver ions and antibiotics. It was observed that active
cells compared with dormant cells in the biofilm are big-
ger in size and exhibit higher intracellular density. Dif-
ferences in cell physiology according to the level of pro-
tein synthesis revealed differences in tolerance towards
antimicrobials. Dormant cells were more tolerant to the
antibiotic and silver ions and active cells to chlorine.
Dormant cells were significantly inactivated by chlorine,
which performed higher effectivity under anaerobic con-
ditions. So, antimicrobials may exert different effects on
dormant and active cells in biofilms depending on their
antimicrobial action and environmental conditions (Kim
et al., 2009). Besides that, E. co/ii O157:H7 transffered
with a plasmid vector red-shifted green fluorescence pro-
tein (pEGFP) was studied according to abitily of this
pathogenic bacterium to attach to produces (Takeuchi
& Frank, 2001a). The application of EGFP as a mark-
er for E. coli O157:H7 on green leaf lettuce, cauliflower,
and tomato was evaluated using CLSM and compared
with results obtained by immunostaining. Based on these
techniques, it was concluded that EGFP can be used as
a marker to identify attachment of E. e/ O157:H7 on
lettuce and cauliflower but may not be appropriate on
tomato. Other findings demonstrated the possibility of
E. coli O157:H7 to penetrate into lettuce tissues and the

effect of chlorine treatment on cell viability (Takeuchi &
Frank, 2000). E. ¢/ O157:H7 attached favorably to cut
edges than the surface of lettuce leaves. E. w/i O157:H7
cells penetrated into lettuce leaves from cut edges what
was observed with the immunostaining using a FITC-la-
beled antibody. The chlorine treatment affected signifi-
cantly the cell attachment, but the reduction of cell pop-
ulation did not exceed level below 8 log CFU/cm?. Oth-
er studies concerning the attachment of E. cw/i O157:H7
and Listeria monocytogenes, Salmonella Typhimurium, Pseudo-
monas fluorescens on iceberg lettuce showed that different
species attached differently to lettuce structures (Takeu-
chi et al, 2000). In addition, some of them were locat-
ed within the lettuce tissues, confirming their abilities to
stay viable and penetrate from the cut edge surface, ad-
ditionally one of the tested strains, P. fluorescens was able
to form microcolonies. Based on these findings, it was
proven that determination of bacterial viability directly
from foods is a desirable approach in understanding bac-
terial adhesion process (Takeuchi & Frank, 2001b).
Moreover, hyperspectral fluorescence imaging system
techniques were recently developed as potential tools for
quality and safety assessments of food products. Hyper-
spectral imaging system is capable of reflectance and flu-
orescence measurements for creation of two-dimensional
spatial and spectral images of relatively large surface ar-
eas. With the help of fluorescence imaging methods sur-
faces such as food processing equipment can be scanned
for bacterial contamination. Jun ef a/ (2008) detected E.
coli OV5T:H7, E. coli, Pseundomonas pertucinogena, Erwinia
chrsanthemi, Listeria innocua biofilm on stainless steel with
the use of a portable hyperspectral fluorescence imag-
ing system. This approach can support inspections for
biofilm contamination occurring on equipment in atreas
where nutrients can build up and cleaning agents cannot
effectively access. Further investigations let to distinguish
morphological differences in biofilm formation between
E. coli and Salmonella. E. coli formed granular aggregates
on stainless steel and Salmonella occurred in a form of
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Table 1. Diverse diagnostic approaches used for biofilm studies in food industry.

Method

Application

Strain

Reference

Scanning electron microscopy
(SEM)

Resistance of stainless steel to bacterial
attachment and biofilm formation

Bacterial populations from
the poultry processing
environment

Arnold & Bailay (2000)

Formation of biofilms by lactic acid bac-
teria causing food deterioration or conta-
mination

Lactobacillus plantarum
Lactobacillus brevis
Lactobacillus fructivorans

Kubota et al. (2008)

Epifluorescence microscopy /
rRNA oligonucleotides

Adhesion and differentiation of the fish
spoilage bacterium on food processing
surfaces

Shewanella putrefaciens

Bagge et al. (2001)

Epifluorescence microscopy /
FITC, TRITC-ConA, DAPI

Visualization and comparison of the
structure and composition of the EPS of
biofilms

biofilm flocs: nitrifying
activated sludge Pseudo-
monas putida

Nosyk et al. (2008)

Epifluorescence microscopy /
CTC+DAPI

Evaluation of the antimicrobial activities
of disinfectants on Pseudomonas spp.
biofilm

Pseudomonas aeruginosa
Pseudomonas fragi

Wirtanen et al. (2001)

Confocal laser scanning microsco-
py / FITC

Visualization of bacterial attachment on
iceberg lettuce

Escherichia coli 0157:H7
Listeria monocytogenes

Salmonella Typhimurium
Pseudomonas fluorescens

Takeuchi et al. (2000)

Epifluorescence microscopy /
Live/Dead’ Viability Kit

The effect of different environmental
conditions e.g. slow and rapid air-drying
on the bacterial survival on stainless steel
surfaces

Enterobacter cloacae,
Pseudomonas aeruginosa
Staphylococcus aureus

Fuster-Valls et al. (2008)

Epifluorescence microscopy
Confocal laser scanning microsco-
py / CTC & BaclLight Live/Dead"
staining

Examination of antimicrobials activities
such as chlorine, silver, tobramycin on
biofilms

Pseudomonas aeruginosa

Kim et al. (2008)

Flow cytometry /
green fluorescent protein (GFP)

Sorting of active and dormant cells from
bacterial biofilm as well as antimicrobial
tolerance

Pseudomonas aeruginosa

Kim et al. (2009)

Confocal scanning laser micro-
scopy /

red-shifted green fluorescence
protein (pEGFP) /
immunostaining

Attachment of pathogenic bacteria to
produces

Escherichia coli O157:H7

Takeuchi & Frank (2001a)
Takeuchi & Frank (2000)

Hyperspectral fluorescence imag-
ing system using electron-multi-
playing charge-coupled-device

Detection of microbial biofilm on stainless
steel

Escherichia coli O157:H7
Escherichia coli
Pseudomonas pertucino-
gena

Erwinia chrsanthemi
Listeria innocua
Salmonella Typhimurium

Jun et al. (2008)
Jun et al. (2009)

Detection of fecal matter on lettuce and
spinach leaves

Detection of organic matter on poultry
processing plant equipment surfaces

Kang et al. (2011)

Cho et al. (2007)

dense biofilm (pellicles) (Jun ez al, 2009). Other findings
with the use of a potentially biosensor-based technique
addressed the feasibility for the detection of organic resi-
dues, specifically fecal matter on fresh produce e.g. green
leafy vegetables (Kang ez al, 2011) and processing plant
equipment surfaces e.g. from meat and poultry industry
(Cho et al., 2007). Altogether, it was shown that hyper-
specrtal imaging techniques can be used for sanitation
monitoring of food processing equipment surfaces as
well as raw materials for food.

CONCLUSIONS

Bacterial biofilms are now commonly recognized as
problematic for food industry. Recent years have showed
that the scientific interest in biofilms has undoubtedly el-
evated bringing valuable information about the switch to

the biofilm mode of existence. The more we learn about
the biofilm formation, the more we understand about
the forces that drive the switch to the biofilm-growing
state. E.g. one of the research directions have led to
persister cells, which increase the capacity of biofilms to
survive stresses.

Certainly, microscopic techniques can be incorporated
in most of experimental conditions concerning biofilms.
Microscopic approaches are very useful not just to the
biofilm formation, but to the efficacy of antimicrobi-
als against biofilms too. The understanding of bacterial
attachment and factors which influence this process to
solid surfaces, such as stainless steel, may help in the de-
velopment of surfaces with reduced attachment for cells.
The development of effective sanitation procedures,
thus reducing the potential contamination of foods, can
be also achieved. Microscopic techniques can also allow
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locating viable cells in respect to different physiological
functions within a food tissue, in order to assess the risk
of food contamination and indicate factors which influ-
ence bacterial attachment to produces. Finally, further
development of these techniques can support inspections
for biofilm contaminants occurring on food processing
surfaces in order to ensure food quality and safety. In
summary, the graphical representation in Fig. 1 may be
a possible way leading through biofilm case-by-case stud-
ies influencing systematic understanding of the biofilm
mode of existence.
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